Abstract: Seasonal and year-on-year variations in physicochemical properties (i.e. temperature, salinity, dissolved inorganic nutrient concentration), chlorophyll a (Chl-a) concentration, Chl-a size composition and abundance of microphytoplankton (Ͼ63 mm) assemblages were investigated at a neritic survey station in Sagami Bay, Kanagawa, Japan, from January 2001 to December 2009. These abiotic/biotic variables varied seasonally in an essentially similar way during the 9 year period. During spring blooms (February-May), the micro-size fraction (Ͼ20 µm) comprised a greater proportion of the total Chl-a, whereas during other periods the pico-and nano-size fraction (Ͻ20 µm) comprised a large portion. Larger diatoms (e.g. Eucampia zodiacus, Coscinodiscus spp.), which dominated the microphytoplankton during the initial-mid stage of spring blooms, were substituted by smaller ones (e.g. Chaetoceros spp., Pseudo-nitzchia pungens, Skeletonema spp.) during the final stage of spring blooms, and then these smaller diatoms continued to be dominant in summer. Dinoflagellates (e.g. Ceratium fusus, C. furca) increased their population densities after the decline of spring diatom blooms, maintained their abundance in spring-summer and became sporadically dominant in the microphytoplankton in summer. The deficiencies in concentration and molar ratio of Si, P and Si-P together in seawater in spring, especially in the photic zone, induce the final stage of spring blooms and lead to the variations in Chl-a concentration, Chl-a size composition and microphytoplankton abundance and species (size) composition. The year-onyear variations in Chl-a and abundance of microphytoplankton assemblages are correlated weakly with the temporal variations in physicochemical properties in relation to water conditions.
Introduction
Seasonal variations in phytoplankton standing crop (chlorophyll a) and microphytoplankton assemblages have been extensively studied in temperate estuarine and coastal waters in Japan, e.g. Oshoro Bay (Kanomata & Kotori 2000) , Funka Bay (Shimada 2000) , Tokyo Bay (Han & Furuya 2000 , Yoshida & Ishimaru 2008 , the Inland Sea of Japan (Manabe et al. 1994) and Dokai Inlet (Yamada & Kaziwara 2004) . These studies found distinct seasonal variations with considerable peaks of chlorophyll a (Chl-a) concentration and microphytoplankton abundance in spring, summer and/or autumn; in oligotrophic coastal waters, blooms occurred only in spring, whereas in eutrophic estuarine waters blooms often occurred in summer in addition to in spring. Additionally, there were distinct seasonal variations in the dominant phytoplankton size, group and/or species in the microphytoplankton assemblages. However, many of these studies were based on the determination of total Chl-a concentration and microphytoplankton abundance, and studies on size-fractionated (i.e. micro-size) Chl-a concentration corresponding to microphytoplankton abundance are limited.
Sagami Bay, located on the southern coast of central Honshu, the main island of Japan, is a semi-circular embayment facing the western North Pacific Ocean (Fig. 1) , and is geographically located in the transit zone where nutrientrich estuarine water of neighboring Tokyo Bay, one of the most eutrophic semi-enclosed embayments in Japan, flows out to the Pacific Ocean. The water quality environment in Sagami Bay has remained relatively good compared to that of neighboring Tokyo Bay (Saitou 1992) , since there is much more frequent exchange between estuarine and ocean waters due to the open shape of this embayment, smaller freshwater discharge and smaller pollutant load from rivers, compared to Tokyo Bay (Kawabe & Yoneno 1987 , Iwata & Matsuyama 1989 , Ogura 1993 , Kobata 2003 , Yamada & Matsushita 2006 . In Sagami Bay, however, since the 1980s some signs of eutrophication (i.e. deterioration of water quality, red tide outbreaks) have occurred, particularly in the coastal waters (Yamada & Iwata 1992 , Machida et al. 1999 , Kamataki 2005 , Yamada & Matsushita 2005 , Miyaguchi et al. 2006 , Ara & Hiromi 2008 . It is evident that a gradual rise in chemical oxygen demand (COD) and Chl-a concentration has occurred in various coastal waters of this bay from the 1980s through the middle 1990s, which is probably induced by an increasing nutrient (N and P) load, especially dissolved inorganic nitrogen (DIN), from rivers (Saitou 1992 , Yamada & Iwata 1992 , Yamada & Matsushita 2005 . Consequently, the coastal waters in the innermost open area of Sagami Bay, especially the upper layer near Enoshima Island, have higher levels of Chl-a concentration and primary production compared to other open areas of this bay, and this is attributed to much higher nutrient concentrations due to the nutrient-rich pollutant load from the Sakai and Hikiji Rivers (Saitou 1992 , Yamada & Iwata 1992 , Yamada & Matsushita 2005 , Ara & Hiromi 2007 , Ara et al. 2011 . Here, there is a widespread fear that the further deterioration of the water quality environment will lead to expansion of such areas in this bay due to a recent rise in populations in 13 cities and towns of Kanagawa Prefecture along the coast of the bay, where a ca. 15% increase in population has occurred from 1980-2005, especially ca. 34% in Fujisawa, with a consequent increase in the pollutant load from rivers. Increasing eutrophication could result generally in increased Chl-a concentration and primary production, especially of diatoms, due to the rises in nutrient (N and P) concentrations in seawater. Actually, in the coastal waters of Sagami Bay, diatoms have been dominant in the microphytoplankton assemblages all year around, except for a predominance of dinoflagellates, which have been sporadically observed in spring-autumn (e.g. Tanaka 1985 , Tatara & Kikuchi 2003 , Baek et al. 2007 , Ara & Hiromi 2009 . However, the increase in N and P concentration in seawater, especially Si deficiency relative to N and P, may exacerbate eutrophication and this can result in ecosystem-level changes by reducing the role of diatoms in aquatic ecosystems in these waters, e.g. noxious phytoplankton blooms, which have been observed in other various estuarine and coastal waters of Japan, e.g. Tokyo Bay (Nomura 1998 , Kamataki 2005 , Yoshida & Ishimaru 2008 and Osaka Bay and/or the Inland Sea of Japan (Manabe et al. 1994 , Hori et al. 1998 , Imai et al. 2006 , Yoshimatsu 2008 . To monitor water so that such undesirable phenomena do not occur, it will be essential to assess the nutrient-environment background and phytoplankton assemblages in the coastal waters of Sagami Bay.
Studies on Chl-a concentration and microphytoplankton assemblages in the coastal waters of Sagami Bay have dealt with aspects of the seasonal variations in Chl-a concentration (Tatara & Kikuchi 2003 , Fujiki et al. 2004 , Baek et al. 2007 , Ara & Hiromi 2007 , Ara et al. 2011 ), Chl-a and/or biomass size composition (Ara & Hiromi 2009 , Ara et al. 2011 , and microphytoplankton assemblage and/or species composition (Tatara & Kikuchi 2003 , Baek et al. 2007 , Ara & Hiromi 2009 ). However, in these waters, there has been no attempt to assess seasonal and year-onyear variations and characterization of microphytoplankton assemblages, Chl-a concentration and Chl-a size composition, which is useful to understand the base of a marine ecosystem. Pico-and nano-size (0.2-2 mm and 2-20 mm, respectively) and micro-size (20-200 mm) phytoplankton are members of the microbial food web as well as the traditional grazing (classical) food chain, of which the Ͼ63 mm fraction is mainly focused on in the present study. This study provides seasonal and year-on-year variations in Chla concentration, Chl-a size composition, and abundance and species composition of microphytoplankton (Ͼ63 mm) assemblages over 9 years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) in the neritic area of Sagami Bay in relation to physicochemical properties.
Materials and Methods
Time-series field investigations were conducted mostly fortnightly from January 2001 to December 2009, at a station (Lat. 35°16Ј22.0ЉN, Long. 139°29Ј41.0ЉE, local depth: ca. 55 m) located in the neritic area, ca. 4.5 km off Enoshima Island, Fujisawa, of Sagami Bay (Fig. 1) . On each sampling date, water temperature and salinity were recorded every 1 m from the surface to the bottom, using a Memory STD (Alec Electronics, AST-1000/P-64K). The depths corresponding to 100 and 1% photon fluxes of that just above the sea surface were measured using an underwater quantum sensor (LI-COR, LI-1925SA/LI-250). Water samples were taken at depths of 0, 5, 10, 20, 30, 40 and 50 m, using duplicate Van Dorn bottles (10 Lϫ2) for microphytoplankton, chlorophyll a (Chl-a) and dissolved inorganic nutrients. For microphytoplankton, 20 L water samples were concentrated using a hand-net (63 mm mesh size), transferred into 100 mL bottles and immediately preserved in 1% glutaraldehyde (final concentration). Microphytoplankton (Ͼ63 mm) from 0.2-10% subsamples were identified to species level and were counted under a microscope. For Chl-a, the seawater was size-fractionated into three fractions (Ͻ20 mm, 20-63 mm and Ͼ63 mm) by sieving through 20 and 63 mm-mesh screens. Usually, 0.5 L of unsieved and size-fractionated seawater aliquots were filtered through a Whatman GF/F glass fiber filter (47 mm). The filters and filtered seawater samples, transferred into 50 or 100 mL clean polypropylene bottles, were kept in a freezer (Ϫ40°C) until analysis. Chl-a concentration was deter-mined with a fluorometer (Turner Designs, TD-700) after extraction with 90% acetone (Holm-Hansen et al. 1965 , Parsons et al. 1984a -P) and silicate (DSi: SiO 2 -Si), were determined using a BranϩLuebbe Autoanalyzer AACSIII (Parsons et al. 1984a , Hansen & Koroleff 1999 .
For statistical comparison between the values of Chl-a (total, Ͻ20 mm, 20-63 mm and Ͼ63 mm) and abundance of total microphytoplankton (Ͼ63 mm), diatoms (Ͼ63 mm) and dinoflagellates (Ͼ63 mm) in the water column (0-50 m depth) in each month of 2001-2009 and in each year (2001-2009) , one-way ANOVA (Student's t-test) was applied: a p-value of less than 0.05 was considered statistically significant.
Correlations between the abiotic variables (i.e. temperature, salinity, dissolved inorganic nutrient concentrations and their molar ratios) and biotic variables (i.e. total Chl-a, Chl-a Ͻ20 mm, 20-63 mm and Ͼ63 mm, and abundance of total microphytoplankton Ͼ63 mm, diatoms Ͼ63 mm and dinoflagellates Ͼ63 mm) were analyzed by Spearman rank correlation.
Results

Depth of photic zone
The depth of the photic zone varied from 4.5 m to the bottom, with an overall meanϮSD of 27.9Ϯ10.9 m. It reached the bottom sporadically in winter, e.g. in February 2005, January 2007 and January 2008. Although the depth of the photic zone varied drastically during the study period, it was greater in winter (monthly mean in DecemberJanuary: 32.9-37.5 m) than in late spring-summer (monthly mean in May-August: 22.5-24.3 m).
Temperature, salinity and dissolved inorganic nutrients
Water column temperature and salinity varied from 12.3 to 28.3°C and from 27.1 to 34.8, respectively (Fig. 2) . Temperature and salinity showed similar seasonal variations during all 9 years. In autumn-spring (November-April), temperature and salinity were homogeneous throughout the water column. A thermo-and halocline developed at 20-30 m depth in summer (June-September), while at the surface temperatures rose to 25-28°C and salinities declined to 30-32 (Fig. 2) , due to the increase in rainfall and freshwater discharge from the rivers.
The concentration of dissolved inorganic nutrients (i.e. DIN, PO 4 3Ϫ -P, SiO 2 -Si) showed clear seasonal variations (Fig. 3) . DIN concentration varied from 0.57 to 32.06 mM (Fig. 3) . PO 4 3Ϫ -P and SiO 2 -Si concentration ranged from below the detection limit (0.02 mM) to 0.91 mM and from 0.16 to 66.72 mM, respectively (Fig. 3) . The concentrations of DIN, PO 4 3Ϫ -P and SiO 2 -Si were high and homogeneous throughout the water column in winter. During the summer stratified period, DIN, PO 4 3Ϫ -P and SiO 2 -Si concentrations were very low in the upper layer (0-20 m depth), whereas they maintained high levels below the stratified layer (Fig.  3 ).
Chl-a concentration and size composition
Total Chl-a concentration varied from 0.03 to 231.4 mg L Ϫ1 (Fig. 4) . In November-January, total Chl-a was low (Ͻ1 mg L
Ϫ1
) throughout the water column. Total Chl-a was very high in the water column in February-May. The scale of spring phytoplankton blooms (i.e. Chl-a concentration, duration) in 2001 and 2004 were greater than those in other years: the maximum total Chl-a during the period of spring phytoplankton blooms (February-May) in 2001 , 2005 .1 and 4.9 mg L
, respectively. When an extremely high total Chl-a value (231.4 mg L Ϫ1 ) was observed on June 2, 2001, a red tide of the dinoflagellate Gymnodinium instriatum Freudenthal & Lee was formed at the surface. Relatively high total Chl-a concentrations (3-5 mg L Ϫ1 ) were observed in the upper layer (0-20 m depth) in summer. The maximum total Chl-a during autumn phytoplankton blooms in 2006 (14.9 mg L Ϫ1 ) was greater than those in other years (0.9-3.4 mg L Ϫ1 ) (Fig.  4) .
Chl-a Ͼ63 mm, 20-63 mm and Ͻ20 mm varied from below the detection limit (0.02 mg L Ϫ1 ) to 10.29 mg L Ϫ1 , from below the detection limit to 6.98 mg L Ϫ1 and from below the detection limit to 11.02 mg L Ϫ1 , respectively. In November-January, Chl-a Ͼ63 mm, 20-63 mm and Ͻ20 mm concentrations were low throughout the water column. High Chl-a Ͼ63 mm concentrations were observed in the water column from February/March to May, especially in February in 2002 tween high Chl-a Ͼ63 mm and Ͻ20 mm concentrations.
Of the total Chl-a, the Ͼ63 mm fraction comprised the majority in February-April, accounting for an average at 0-50 m depth of 51.3-64.9% (monthly mean) (Fig. 4) . During the other periods, i.e. in January and May-December, the proportion of the Ͻ20 mm fraction was larger than that of the 20-63 mm and Ͼ63 mm fractions, accounting for an average at 0-50 m depth of 43.1-68.6% (monthly mean). The 20-63 mm fraction accounted for an average at 0-50 m depth of 11.3-26.1% (monthly mean) of the total Chl-a (Fig. 4) . In October-November, large proportions (an average at 0-50 m depth of Ͼ50%) of the Ͼ20 mm (20-63 mm plus Ͼ63 mm) fraction were sporadically observed in 2001, 2002, 2004, 2006 and 2007 , whereas these were not observed in , 2005 ).
Abundance of microphytoplankton (Ͼ Ͼ63 m mm) assemblages
The microphytoplankton (Ͼ63 mm) abundance varied from 3 to 2.09ϫ10 6 cells L Ϫ1 , with an overall meanϮSE of 2.47ϫ10 4 Ϯ6.77ϫ10 3 cells L Ϫ1 (Fig. 5 ). It showed a consistent seasonal pattern during the study period: abundances were generally high in late winter-autumn, especially in late winter-spring (February-May) in the upper layer (0-20 m depth), and were low throughout the water column in winter (December-January) (Fig. 5 ). Among microphytoplankton (Ͼ63 mm), diatoms accounted for an average at Other microphytoplankton (e.g. cryptophytes) accounted for an average at 0-50 m depth of 0-9.5% (overall mean: 0.002%) of the total microphytoplankton abundance (Fig. 5) .
Diatom (Ͼ63 mm) abundance varied from 0 to 2.09ϫ10 6 cells L
Ϫ1
, with an overall meanϮSE of 2.45ϫ10
3 cells L Ϫ1 (Fig. 6 ). The variation pattern of diatom abundance was quite similar to that of the total microphytoplankton (Ͼ63 mm). Among diatoms (Ͼ63 mm), the genus Chaetoceros, e.g. C. affinis Lauder, C. curvisetus Cleve, C. lorenzianus Grunow, was predominant during the study period, accounting for 41.5% (overall mean) of the total diatom (Ͼ63 mm) abundance (Fig. 6 ). The greatest contributor to the total diatom (Ͼ63 mm) abundance was Chaetoceros spp. in January-March, May-June, AugustSeptember and November-December (monthly mean: 35.7-89.7%), whereas it was Pseudo-nitzschia pungens (Grunow) Hasle in April, July and October (monthly mean: 25.1-85.3%). In February-April, Eucampia zodiacus Ehrenberg comprised large proportions (monthly mean: 21.8-27.8%) of the total diatom (Ͼ63 mm) abundance. (Fig. 7) . It showed essentially a consistent seasonal pattern during the study period: abundances were generally high in spring-summer in the upper layer (0-20 m depth), and were low throughout the water column in autumn-winter (Fig. 7) . Among the dinoflagellates (Ͼ63 mm), the genus Ceratium was predominant during the study period, accounting for 8.7-100% (overall mean: 81.5%) of the total dinoflagellate (Ͼ63 mm) abundance (Fig. 7) (Fig. 7) .
Chl-a (total, Ͻ20 mm, 20-63 mm and Ͼ63 mm) and abundance of total microphytoplankton (Ͼ63 mm), diatoms (Ͼ63 mm) and dinoflagellates (Ͼ63 mm) were significantly lower in January and December, and were higher in February-September, although their higher values appeared in different months (Table 1, Fig. 8 ). For total Chl-a, the concentrations were significantly higher in February-September, especially March-May. For Chl-a Ͼ63 mm, 20-63 mm and Ͻ20 mm, the concentrations were significantly higher in February-May, especially February, in May-June and in May-September, respectively. The significantly higher abundances of total microphytoplankton (Ͼ63 mm) and diatoms (Ͼ63 mm) were found in February-April and September-October, whereas those of dinoflagellates (Ͼ63 mm) were found in April-July, especially April (Table  1, Fig. 8 ).
For total Chl-a, the concentrations were significantly 
Fig. 8.
Mean chlorophyll a (Chl-a: total, Ͼ63 mm, 20-63 mm and Ͻ20 mm) and abundance of total microphytoplankton Ͼ63 mm, diatoms Ͼ63 mm and dinoflagellates Ͼ63 mm in the water column (0-50 m depth) in each month (January-December) and in each year (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) 
Effects of environmental variables
Chl-a Ͼ63 mm and abundance of total microphytoplankton (Ͼ63 mm) and diatoms (Ͼ63 mm) showed significantly negative correlations with temperature, whereas Chl-a Ͻ20 mm and abundance of dinoflagellates (Ͼ63 mm) Table 2 . Coefficients of Spearman rank correlations between abiotic (temperature, salinity, dissolved inorganic nutrients and their molar ratios) and biotic (total Chl-a, Chl-a Ͻ20 mm, 20-63 mm and Ͼ63 mm and abundance of total microphytoplankton Ͼ63 mm, diatoms Ͼ63 mm and dinoflagellates Ͼ63 mm) variables in the water column (0-50 m depth) in Sagami Bay, from January 2001 to December 2009. Significant correlation: * 0.01ϽpϽ0.05; ** 0.001ϽpϽ0.01; *** pϽ0.001.
Temp.
Concentration ( showed significantly positive correlations with temperature (Table 2) . Almost all of Chl-a (total, Ͻ20 mm, 20-63 mm and Ͼ63 mm) and abundance of total microphytoplankton (Ͼ63 mm), diatoms (Ͼ63 mm) and dinoflagellates (Ͼ63 mm) showed significantly negative correlations with salinity, dissolved inorganic nutrient concentrations and the molar ratio of Si/N, and significantly positive correlations with the molar ratio of N/P. Chl-a (total, Ͻ20 mm and 20-63 mm) and abundance of dinoflagellates (Ͼ63 mm) showed significantly positive correlations with the molar ratio of Si/P, whereas the abundance of total microphytoplankton (Ͼ63 mm) and diatoms (Ͼ63 mm) showed significantly negative correlations with the molar ratio of Si/P ( Table 2) .
Discussion
Seasonal variations in physicochemical properties
The seasonal variability of physicochemical properties (i.e. temperature, salinity, dissolved inorganic nutrient concentration) in the neritic area of Sagami Bay has already been mentioned elsewhere (Ara & Hiromi 2007 , Ara et al. 2011 , so that here we state some intensive features. Physicochemical properties in the neritic area of Sagami Bay revealed clear seasonal variations, and the pattern of these variations were essentially similar to each other during all 9 years (Figs. 2, 3) . In winter, the physicochemical properties were homogeneous throughout the water column, due to active vertical mixing between surface and deeper waters (Figs. 2, 3 ), in addition to low precipitation and low freshwater discharge from the Sakai and Hikiji Rivers (Ara & Hiromi 2008 , Ara et al. 2011 ). In spring-autumn, especially during the summer stratified period, salinity and dissolved inorganic nutrient concentrations were maintained at low levels in the upper layer (0-20 m depth) (Figs. 2, 3) , due to the effects of increasing precipitation and freshwater discharge from the rivers, and due to biological processes (i.e. active nutrient uptake by phytoplankton), respectively (Ara & Hiromi 2008 , Ara et al. 2011 ).
Nutrient-environmental background
In the neritic area of Sagami Bay, diatoms were dominant in the microphytoplankton (Ͼ63 mm) assemblages on almost all of the sampling dates during the present study (Fig. 5) . The concentrations of dissolved inorganic nutrients (i.e. DIN, DIP and DSi) in seawater can regulate phytoplankton (diatom) abundance, Chl-a concentration and species (size) composition (e.g. Raymont 1980 , Parsons et al. 1984b ). For diatom growth, it is necessary for ambient seawater to maintain both nutrient concentrations higher than the lower limits for growth of the diatoms as well as a balanced molar ratio of the nutrients. In the present study, we assessed single and/or combinations of elements that may serve as a limiting factor for diatom growth at our study site (threshold concentration: DINϭ1 mM, DIPϭ0.1 mM and DSiϭ3 mM, Justić et al. 1995 , Kamatani et al. 2000 and stoichiometric nutrient limitation (nutrient uptake ratio: N : Pϭ16, Si : Pϭ16, Si : Nϭ1, Redfield et al. 1963 , Brzezinski 1985 , Brzezinski & Nelson 1995 . As shown for the earlier period (2001) (2002) (2003) (2004) (2005) by Ara & Hiromi (2008) , the nutrient-environment background for phytoplankton (diatom) growth at our study site was characterized by no or little N limitation throughout the study period: DIN concentrations were higher than the threshold value on all occasions (0-50 m depth) in winter (December-February) and autumn (October-November) and below the photic zone in spring (March-May), and on 99.6% of occasions in the photic zone in spring (March-May), and 96.7% in the photic zone and 99.0% below the photic zone in summer (June-September) (Fig. 9) . There was little potential P and Si limitation in the water column in winter and autumn: DIP and DSi concentrations were higher than the threshold values on 99.3% and 90.0% of occasions in the photic zone and 99.1% and 98.1% below the photic zone in winter. These values were 94.3% and 83.9% of occasions in the photic zone and 97.9% and 91.7% below the photic zone in autumn, respectively (Fig. 9) . Additionally, below the photic zone in spring-summer, there was little or moderate potential P and Si limitation: DIP and DSi concentrations were higher than the threshold values on 93.4% and 75.0% of occasions in spring and 92.7% and 84.4% of occasion in summer, respectively (Fig. 9) . In spring and summer, potential P and/or Si deficiencies were frequently observed in the photic zone: DIP and DSi concentrations were higher than the threshold values in the photic zone on 75.7% and 56.6% of occasions in spring and 51.6% and 44.5% of occasions in summer, respectively (Fig. 9) . When Si alone and/or both Si and P were potentially deficient, the molar ratios of N : P, Si : P and Si : N were not far from the ideal ratios (Si : N : Pϭ16 : 16 : 1). By contrast, when P alone was potentially deficient, the relative P deficiency was remarkable (Fig. 9) . Thus, judging from nutrient concentrations and their molar ratios in seawater, the nutrient-environment background at our study site was sufficient for diatom growth in autumn-winter, but was very insufficient due to potential and stoichiometric DIP and DSi limitation in spring-summer, especially frequent DSi deficiency in the photic zone (Fig. 9) .
Seasonal and year-on-year variations in Chl-a and microphytoplankton
In the neritic area of Sagami Bay, Chl-a concentration, Chl-a size composition and abundance of microphytoplankton (Ͼ63 mm) assemblages revealed clear seasonal variations, and these variations were essentially similar to each other during all 9 years (Figs. 4-7) . The variations in Chl-a (total, Ͻ20 mm, 20-63 mm and Ͼ63 mm) and abundance of total microphytoplankton (Ͼ63 mm), diatoms (Ͼ63 mm) and dinoflagellates (Ͼ63 mm) would be affected mainly by nutrient concentrations (i.e. bottom-up effect) since they showed significantly negative correlations with dissolved inorganic nutrient concentrations, whereas these variations in relation to temperature and nutrient molar ratios differed depending on Chl-a size fraction and microphytoplankton group (Table 2) .
During spring blooms of much higher Chl-a concentrations, the micro-size fraction (Ͼ20 mm) comprised the majority of the total Chl-a, whereas during other periods including the summer stratified period of relatively high Chla concentrations in the upper layer (0-20 m depth), the pico-and nano-size fraction (Ͻ20 mm) comprised large portions of the total Chl-a (Fig. 4) . These variations are similar to observations conducted in other temperate coastal waters (e.g. Durbin et al. 1975 , Del Amo et al. 1997 , Maita & Odate 1988 , Kormas et al. 2002 , Shinada et al. 2003 , Ichikawa & Hirota 2004 , and can be plausibly explained by two possibilities; local physicochemical properties (e.g. temperature, dissolved inorganic nutrient concentration) and the physicochemical property-dependent growth of phytoplankton (i.e. bottom-up effect as mentioned above, reduction of phytoplankton growth due to nutrient deficiency). Higher Chl-a concentrations dominated by the Ͼ63 mm fraction and higher diatom abundances followed high nutrient concentrations during the cold period (Figs. 3, 4, 6, 8) , while Chl-a Ͼ63 mm and diatom (Ͼ63 mm) abundance showed significantly negative correlations with temperature (Table 2) , as also commonly ob- .1 mM and DSiϭ3 mM), are presented as no limit (ϫ), N limit (᭺), P limit (᭝), Si limit (ᮀ), N-P limit ( ), N-Si limit ( ), P-Si limit ( ), N-P-Si limit (᭜). These concentrations are delimited in the logarithmic plot by the molar ratio lines of N : Pϭ16, Si : Pϭ16 and Si : Nϭ1, which define six areas indicating different stoichiometrically limiting nutrients. served in temperate seas (e.g. Raymont 1980 , Parsons et al. 1984b . In this case, the timing of the first peak of total Chl-a, Chl-a Ͼ63 mm and/or diatom (Ͼ63 mm) abundance followed the time of lowest temperatures and high nutrient concentrations in February-March in each year from [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] (Fig. 10) . This indicates that spring blooms started in late winter-early spring (February-March) when nutrients were supplied from the deeper layer by active vertical mixing between surface and deeper waters. During this period, the upper layer (i.e. the photic zone) had higher levels of sunlight intensity than the lowest ones observed in winter (December-February) in each year, suggesting that the growth of diatoms (Ͼ63 mm) might not be reduced by increasing sunlight intensities. Additionally, in FebruaryMay, phytoplankton peaks (i.e. high Chl-a concentrations and high diatom abundances) and high nutrient concentrations appeared alternately over time, and this occurred 1-3 times in each year from [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] (Fig. 10) . As phytoplankton (i.e. Chl-a, diatom abundance) increased, they took up significant amounts of nutrients from seawater. Consequently, the first peak of Chl-a and diatom (Ͼ63 mm) abundance evidently declined due to nutrient deficiency, especially DIP and DSi, in the euphotic zone (Fig. 10) . Then, nutrients were supplied from the deeper layer by active vertical mixing while phytoplankton were not abundant. The second and third peaks of Chl-a and diatom (Ͼ63 mm) abundance appeared and then decreased similarly to the first one (Fig. 10) , suggesting that nutrients are the principal external forcers of Chl-a and diatom (Ͼ63 mm) variations during spring blooms.
On the other hand, during the summer stratified period, relatively high Chl-a concentrations continued in the upper layer (0-20 m depth) (Fig. 4) , which has been termed the "summer bloom" in other coastal waters in Sagami Bay, e.g. off Manazuru (Tatara & Kikuchi 2003 , Fujiki et al. 2004 , Baek et al. 2007 ) and off Hiratsuka (Saitou et al. 1995) , and in other various temperate estuarine and coastal waters in Japan, where nutrients can be supplied by nutrient-rich freshwater discharge from rivers. In the present study, the concentrations of Chl-a Ͻ20 mm (pico-and nanosize fraction) in late spring-summer (May-September) were significantly higher than those in all other seasons (Table 1, Figs. 4, 8) , while Chl-a Ͻ20 mm showed a significantly positive correlation with temperature (Table 2) . Similarly, Okutsu (2008) and Ara & Hiromi (2009) stated that at the same site the abundance and carbon biomass of picoand nanophytoplankton (i.e. cyanobacteria and autotrophic nanoplankton, respectively) were much higher in warmer months. Filed measurements and simulated laboratory-culture experiments have shown that micro-size diatoms have enhanced growth and/or assimilation rates and are dominant in the mixed phytoplankton assemblages under nutrient-rich conditions, whereas under nutrient-deficient conditions nanophytoplankton, small dinoflagellates and monads have higher growth and/or assimilation rates and became dominant (e.g. Parsons & Takahashi 1973 , Turpin & Harrison 1979 , Ishizaka et al. 1983 , Furuya et al. 1986 , de Madariaga 1992 , Han & Furuya 2000 . Additionally, the abundance and/or growth of picophytoplankton has been shown to be controlled only by temperature, but not by nutrient concentration in temperate coastal waters (Odate 1989 , Kuosa 1991 , Miyazono et al. 1992 , Iriarte & Purdie 1994 , Mitbavkar et al. 2009 ). Thus, in the neritic area of Sagami Bay, Si and/or P deficiency and temperature rises in spring induces the final stage of spring blooms and the variations in Chl-a size composition, with the originally highly skewed toward the micro-size fraction composition gradually shifting towards the pico-and nano-size fraction. Ara & Hiromi (2009) studied the seasonal variations in plankton food web (biomass) structure and depicted trophodynamics in the grazing and microbial food webs in the upper layer (0-10 m depth) at our study site. They found that the microbial food web (from pico-and nanophytoplankton/bacteria through heterotrophic nanoflagellates/microzooplankton to copepods) and/or the indirect route (from microphytoplankton through microzooplankton to copepods) were the main routes of carbon flow from primary to secondary and tertiary producers, rather than the grazing food chain. In particular, as mentioned by Ara & Hiromi (2009) , in summer and autumn the biomass (Chl-a) of the pico-and nano-size fraction (Ͻ20 mm) was greater than that of the micro-size fraction (Ͼ20 mm) (Figs. 4, 8) , suggesting the importance of the microbial food web. In winter and spring, the biomass (Chl-a) of the micro-size fraction (Ͼ20 mm) was greater than that of the pico-and nano-size fraction (Ͻ20 mm) (Figs. 4, 8) , suggesting that the indirect route might prevail, although the bacterial biomass was not evaluated here.
At our study site, diatoms comprised the majority of the microphytoplankton (Ͼ63 mm) throughout the study period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , whereas large portions and predominance of dinoflagellates were found sporadically in summer (Fig. 5) , as has been commonly reported in the coastal waters of Sagami Bay (e.g. Tanaka 1985 , Tatara & Kikuchi 2003 , Baek et al. 2007 , Ara & Hiromi 2009 ). For at least 9 years from 2001 through 2009, diatom abundances and their proportions of the total microphytoplankton (Ͼ63 mm) assemblages revealed neither increasing nor decreasing trends, although they showed seasonal and year-on-year variations (Figs. 5, 6, 8) .
In the present study, year-on-year variations in Chl-a concentration and abundance of microphytoplankton (Ͼ63 mm) assemblages differed depending on Chl-a size fraction and microphytoplankton group (Table 1, Fig. 8 ).
The year-on-year variations in Chl-a and abundance of microphytoplankton (Ͼ63 mm) assemblages from 2002-2009 resemble slightly the variations in physicochemical properties (i.e. temperature, salinity, dissolved inorganic nutrient concentrations), which revealed seasonal variations as mentioned above, while they varied temporally on the scale of a few days and/or weeks according to the effects of the following: high freshwater discharge and nutrient loads from the Sakai and Hikiji Rivers after heavy rainfall, the expansion of nutrient-rich estuarine water from neighboring Tokyo Bay, and the intrusion of Kuroshio Water and other waters into Sagami Bay (Ara & Hiromi 2008 , Ara et al. 2011 ). In particular, higher annual mean values found in mm and Ͼ63 mm) (Table 1, Fig. 8 ) might have been induced by high freshwater discharge from the rivers and/or by the expansion of Tokyo Bay Water into Sagami Bay during springsummer, in contrast in other years (Ara & Hiromi 2008 , Ara et al. 2011 , when the seasonal stratification interfered with nutrient supplies to the upper layer from deeper ones (Figs. 2, 3) . The noticeably lower values found in 2002, 2003, 2005, 2007 and 2009 for Chl-a (total and Ͼ63 mm) and for abundance of total microphytoplankton (Ͼ63 mm) and diatoms (Ͼ63 mm) (Table 1, Fig. 8 ) might be attributed to the frequent and/or continuous intrusion of nutrient-poor Kuroshio Water into Sagami Bay in winter-spring (February-April/May) in these years (Ara & Hiromi 2008 , Ara et al. 2011 . These values were significantly higher than in other seasons (months) in each year from [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] (Table 1, Figs. 4, 5, 6, 8) , although the temporal variations in physicochemical properties in relation to water conditions were not dealt with in the present study. We cannot, however, explain the significantly higher values found in 2001 for total Chl-a and abundance of total microphytoplankton (Ͼ63 mm) and diatoms (Ͼ63 mm) (Table 1, Fig. 8 ), since physicochemical properties in 2001 were similar to those in other years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (Figs. 2, 3 
Diatoms and dinoflagellates
Of the diatoms (Ͼ63 mm), Chaetoceros spp. and Pseudonitzschia pungens were two of the most dominant during the study period, although other dominant species changed season-to-season and/or year-to-year (Fig. 6) , as has been commonly observed in other coastal waters of Sagami Bay (e.g. Tanaka 1985 , Tatara & Kikuchi 2003 , Baek et al. 2007 ). At our study site, larger diatoms (e.g. Eucampia zodiacus, Coscinodiscus spp.), which were dominant in the microphytoplankton (Ͼ63 mm) assemblages during the initial-mid stage of spring blooms, were substituted by smaller ones (e.g. Chaetoceros spp., Pseudo-nitzchia pungens, Skeletonema spp.) during the final stage of spring blooms, and then these smaller diatoms continued to be dominant in the microphytoplankton (Ͼ63 mm) assemblages in summer (Figs. 5, 6 ). These seasonal variations in dominant diatom species (size) were essentially consistent with the trends in temperature and dissolved inorganic nutrient concentrations as mentioned above. Additionally, the seasonal variations in dominant diatom size were related strongly to the physical structure of the ambient seawater: spring blooms dominated by larger diatoms associated with active vertical mixing between the surface and deeper waters, whereas small diatoms were dominant during the summer stratified period (Figs. 2, 6 ), as has been commonly found in other temperate waters (e.g. Nagai 2000 , Nishikawa et al. 2007 ). In late winter-early spring, abundances of larger diatoms were high and mostly spread evenly throughout the water column (0-50 m depth), though highest abundances were frequently found in the mid and/or lower layers (20-30 and/or 40-50 m depth, respectively), whereas during the summer stratified period larger diatoms were very rare in the water column. Sinking rates of diatoms have been shown to increase with cell size (volume): larger diatoms have greater specific gravities and sink more rapidly to the sea-bottom (e.g. Bienfang & Harrison 1984 , Ono et al. 2006 , and the rates can become higher for older cells of post-log growth phase and under nutrientdepleted conditions, especially Si deficiency (e.g. Smayda & Boleyn 1965 , Eppley et al. 1967 , Bienfang et al. 1982 . This indicates that active vertical mixing of seawater and high nutrient concentrations in seawater in winter-spring would be indispensable for the bloom formation of larger diatoms in the photic zone. Moreover, Coscinodiscus spp. occurred all year round, whereas Eucampia zodiacus disappeared in summer-autumn in each year from [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . This implies that Coscinodiscus spp. maintained their populations in the water column as vegetative cells all year round and that Eucampia zodiacus disappeared from the water column and might spend time in the sediments as resting cells in summer-autumn. This result was unexpected, since Coscinodiscus species (e.g. C. wailesii) have been reported to form resting cells and spend time in the sediments during the summer stratified period of unsuitable nutrient-depleted conditions (Nagai et al. 1995 , Nagai & Imai 1999 , and Eucampia zodiacus either has no resting stage in its life cycle or its resting period is much shorter than other diatom species possessing resting stages, even under nutrient-depleted conditions (Nishikawa et al. 2007 ), although diatom resting stages were not investigated in the present study.
With regards to dinoflagellates (Ͼ63 mm), Ceratium fusus and C. furca were two of the most dominant during the study period, especially during the period of higher abundances in spring-summer, whereas other species dominated during the period of lower abundances in autumn-early spring (Fig. 7) . These variations were similar to observations conducted in other coastal areas of Sagami Bay, e.g. off Manazuru (Tatara & Kikuchi 2003 , Baek et al. 2006 , 2008b . Ceratium fusus and C. furca have been observed to be two of the most common bloom-forming dinoflagellates in the estuarine and coastal waters of the world (e.g. Smalley et al. 1999 , Machida et al. 1999 , Smalley & Coats 2002 , Lirdwitayaprasit et al. 2006 . On the basis of extensive field surveys and laboratory cultureexperiments, Baek et al. (2006 Baek et al. ( , 2007 Baek et al. ( , 2008a stated that the optimum ranges of water temperature and salinity for the growth of Ceratium furca and C. fusus in and from the coastal waters of Sagami Bay were 18-28°C and 26-28°C and 17-34 and 20-30, respectively. Additionally, Baek et al. (2008b) mentioned that the population densities of Ceratium furca and C. fusus were high, even at low nutrient concentrations (NO 3 Ϫ ϩNO 2 Ϫ -N: 1.58 mM; PO 4 3Ϫ -P: 0.17 mM), and were more abundant in the surface and sub-surface layers than in the bottom layers during the summer stratified period in the coastal water of this bay. They also reported that the half-saturation constants (K s ) of Ceratium furca and C. fusus for nitrate were 0.49 and 0.32 mM, respectively, and for phosphate were 0.05 and 0.03 mM, respectively (Baek et al. 2008b ). These results indicate that physicochemical properties (i.e. high temperatures, low salinities, low nutrient concentrations) in the upper layer (0-20 m depth) or photic zone in spring-summer would be suitable for the growth of dinoflagellates (e.g. Ceratium furca, C. fusus), rather than diatoms, although the growth rates for diatoms and dinoflagellates were not evaluated in the present study. Actually, in the present study, on three of a total of six dates, e.g. June 2001, July 2005 and September 2009, dinoflagellates (Ͼ63 mm) were dominant in the microphytoplankton (Ͼ63 mm) assemblages, although the nutrient-environment background had no N, P and Si limitation for diatom growth in the water column (0-50 m depth) (Figs. 3, 5) . On the other hand, on another three dates, e.g. June and September 2008 and September 2009, there was no N limitation and P and Si were frequently deficient at 52. 4% and 42.9%, respectively (Figs. 3, 5, 9) . This implies that it would be difficult to explain the variations of microphytoplankton (Ͼ63 mm) assemblages, especially the predominance of diatoms or dinoflagellates, only by the analysis of the nutrient-environment background.
In the present study, a special mention must be made concerning the dinoflagellate (Ͼ63 mm) variations, in that a red tide of Gymnodinium instriatum (3.14ϫ10 4 cells L
Ϫ1
) was observed at the surface in June 2001 (Figs. 4, 5, 7) . The abundance of G. instriatum, however, could be considerably underestimated due to insufficient collection of this species (cell size: 40-60 mm; Toriumi 1990), which would have passed through the 63 mm mesh of the hand net used in the present study. In the coastal waters of Sagami Bay, dinoflagellates and other phytoplankton (e.g. raphidophycean flagellates) have been observed to sporadically form red tides, which sometimes expanded from neighboring Tokyo Bay (e.g. Tanaka 1985 , Yamada 1997 , Kamataki 2005 .
